To study molecular mechanisms involved in hematopoietic stem cell (HSC) mobilization after liver resection and determine impacts on liver regeneration. Background: Extracellular nucleotide-mediated cell signaling has been shown to boost liver regeneration. Ectonucleotidases of the CD39 family are expressed by bone marrow-derived cells, and purinergic mechanisms might also impact mobilization and functions of HSC after liver injury. Methods: Partial hepatectomy was performed in C57BL/6 wild-type, Cd39 ectonucleotidase-null mice and in chimeric mice after transplantation of wildtype or Cd39-null bone marrow. Bone marrow-derived HSCs were purified by fluorescence-activated cell sorting and administered after hepatectomy. Chemotactic studies were performed to examine effects of purinergic receptor agonists and antagonists in vitro. Mobilization of human HSCs and expression of CD39 were examined and linked to the extent of resection and liver tests. Results: Subsets of HSCs expressing Cd39 are preferentially mobilized after partial hepatectomy. Chemotactic responses of HSCs are increased by CD39-dependent adenosine triphosphate hydrolysis and adenosine signaling via A2A receptors in vitro. Mobilized Cd39 high HSCs boost liver regeneration, potentially limiting interleukin 1β signaling. In clinical studies, mobilized human HSCs also express CD39 at high levels. Mobilization of HSCs correlates directly with the restoration of liver volume and function after partial hepatectomy.
L iver regeneration is a highly regulated response to injury and involves recruitment of extrahepatic, bone marrow-derived hematopoietic stem cells (HSCs) and other progenitor cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Others and we have shown that an early subset of HSCs, defined by the antigen CD133, enhances liver regeneration in both animal models and humans. [7] [8] [9] [10] [11] [12] Multipotential stem cells accelerate liver repair by producing various growth factors and generating hepatocytes and liver endothelial cells. 7, 13, 14 Furthermore, stem cells have recently been shown to exhibit immunosuppressive and anti-inflammatory properties that might further promote liver regeneration. [15] [16] [17] [18] Purinergic signaling might be important in stem cell-mediated liver repair, as it has been linked to chemotaxis of HSCs, regulation of inflammation, and organ restoration. CD39, known as ectonucleoside triphosphate diphosphohydrolase 1, hydrolyzes proinflammatory extracellular adenosine triphosphate and adenosine diphosphate to adenosine monophosphate, which is further catalyzed by CD73, 5 -nucleotidase, to form anti-inflammatory adenosine. 19 CD39 is highly expressed by vascular endothelium and T regulatory cells and significantly contributes to chemotactic and antiinflammatory properties. [20] [21] [22] [23] [24] [25] [26] We have previously shown that global deletion of CD39 inhibits angiogenesis and substantially impairs liver regeneration. 4, 27 Purine derivatives have also been linked to stem cell expansion. 28 We demonstrate here that CD39 is highly expressed by a subset of murine and human HSCs and is critical for chemotaxis and recruitment of these cells from bone marrow to the liver. CD39 high HSCs decrease inflammation, at least in part, as a consequence of adenosine triphosphate scavenging, which results in decreased levels of interleukin 1β, promoting liver regeneration.
Liver Injury Models
Partial hepatectomy (70%) and sham surgery were performed as described. 4 
Chimeric Mice
Total body irradiation and subsequent bone marrow transplantation was performed as described elsewhere. 24 
Fluorescence-Activated Cell Sorting
Fluorescence-activated cell sorting and analysis of CD133 + /CD45 + HSCs from bone marrow and peripheral blood mononuclear cells was performed as previously described 30 and enrichment validated by fluorescence-activated cell sorting analysis (to 94.0 ± 3.0%). Antibodies were CD133-PE and CD133-APC (clone MB9-3G8; Miltenyi Biotec, Germany), Sca-1-PE (clone D7; Miltenyi Biotec), CD45-FITC (clone 30-F11; BD Biosciences), CD39-PE (clone 24DMS1; eBioscience), CD73-PE (clone TY/23; BD Biosciences), and VEGFR-2-APC (clone Avas12a1; eBioscience).
Administration of HSCs
Wild-type mice received intravenous fluorescence-activated cell sorting-purified CD133 + /CD45 + HSCs (3 × 10 5 cells in 200 μL of phosphate-buffered saline) or phosphate-buffered saline (200 μL) alone as a control 24 hours after a 70% hepatectomy. Animals were killed 72 hours and 5 days after 70% hepatectomy.
Enzyme-Linked Immunosorbent Assay
Blood was processed 4 and plasma levels of vascular endothelial growth factor and interleukin-1β (R&D Systems) were determined using manufacturer's specifications.
Liver Sinusoidal Endothelial Cell Studies
Wild-type liver sinusoidal endothelial cells were isolated, cultured, 4 and stimulated with or without exogenous adenosine triphosphate for 20 minutes, washed, and then cultured for 5 hours.
Homing Assays
Wild-type mice received intravenous fluorescence-activated cell sorting-purified DsRed transgenic CD133 + /CD45 + HSCs (3 × 10 5 cells in 200 μL of phosphate-buffered saline) 24 hours after a 70% hepatectomy and were killed 10 days later. Hepatocytes were isolated from the nonparenchymal cell fraction and purified by modified Percoll centrifugation as described elsewhere. 4, 31 DsRed cells were detected by fluorescence microscopy and fluorescence-activated cell sorting analysis.
Immunohistochemistry
Tissue was fixed with zinc and formalin 10%, respectively, and paraffin imbedded. Immunohistochemistry was performed as described elsewhere. 4, 29 
Chemotaxis Assays
Transwell assays were performed with a 96-well MultiScreen MIC plate (pore size 5.0 μm; Millipore, Billerica, MA). 22, 32 Bone marrow mononuclear cells (3 × 10 5 cells/75 μL Iscove's Modified Dulbecco's Medium + Fetal Calf Serum 10%; Sigma) were added into the upper chamber. After 4 hours of incubation at 37 • C, the proportion of CD133 + /CD45 + HSCs that transmigrated to the lower chamber was determined.
Clinical Studies Patients
We studied 24 patients ( female = 9/male = 15; age 65 ± 25 years) undergoing hepatic resections for liver malignancies at the Department of Surgery, University Hospital of Düsseldorf, Germany, and 20 healthy volunteers. Written informed consent was obtained from all patients. The study was approved by the ethics committee of the Heinrich-Heine-University of Düsseldorf (institutional review board nos. 2852, 2853, and 2916).
Magnetic Activated Cell Sorting
CD133 + HSC purification from bone marrow mononuclear cells was performed using magnetic activated cell sorting (Miltenyi Biotec) according to manufacturer's specifications. Purity was assessed by fluorescence-activated cell sorting to be 83.6 ± 3.9%.
Gene Expression Analysis
Total RNA was isolated from magnetic activated cell sortingpurified CD133 + HSCs, reverse transcribed, and quantitative polymerase chain reaction amplification done, as described 22 β-Actin was used as the internal control. 22, 26 
Indocyanine Green LIMON
Measurement of indocyanine green-plasma disappearance rate %/minute and 15-minute retention rates (R15%) was performed using a LIMON module (PULSION Medical Systems, Germany).
Fluorescence-Activated Cell Sorting
CD133 + /CD45 + HSCs were analyzed on a BD FACSCanto. Antibodies used were anti-CD133-PE (clone 293C3, Miltenyi Biotec), CD45-APC (clone 2D1; BD Bioscience), CD34-PE-Cy7 (clone 581; BD Bioscience), and CD39-FITC (clone BU61; BD Bioscience). significance where appropriate. Values were considered significant when P < 0.05.
RESULTS

Transcriptional Profiles of Purinergic Enzymes and Receptors in HSCs
We first measured messenger ribonucleic acid (mRNA) levels of ectonucleotidases and purinergic receptors in wild-type mouse HSCs, as defined by a high-level expression of CD133 and CD45 and Sca-1. Highest relative mRNA expression levels were noted for Cd39, among all the other ectonucleotidases (NTPDases) and ectonucleotide pyrophosphatases/phosphodiesterases (NTPDases 2-4 and 6-8, Cd73, and ENPP 1-3). High mRNA levels were detected for adenosine P1 receptor A3 and nucleotide P2 receptors P2Y1, P2Y2. A2A, P2X1, P2Y4, P2Y12, and P2Y14 were expressed at lower levels in HSCs from mouse (data not shown).
HSCs Express Functional CD39
Fluorescence-activated cell sorting analysis further revealed 2 distinct HSC populations of approximately equal proportions being Cd39 high or Cd39 low . We noted that 15% to 20% of Cd39 high HSCs coexpressed Cd73. Apyrase ectonucleotidase activity was significantly decreased in purified Cd39-null HSCs (40.9 nmol of Pi/min/10 5 cells) when compared with their wild-type counterparts (67 nmol of Pi/min/10 5 cells; P = 0.0009) (data not shown).
CD39-Dependent Mobilization of HSCs After Liver Injury
We next investigated characteristics of HSCs in the bone marrow and mobilization into the blood after partial hepatectomy in wild-type and Cd39-null mice. HSCs proliferate in the bone marrow, increasing 4-fold, in response to partial hepatectomy, comparable in both wild-type and Cd39-null mice (Fig. 1A) . In contrast, dramatic differences in the mobilization potential were noted between wild-type and Cd39-null mice. When compared with wild-type mice, Cd39-null mice exhibited markedly impaired HSC mobilization into the blood (72 hours, P = 0.0004) ( Fig. 1B) .
To determine whether this effect was intrinsic to HSCs or due to Cd39 deletion in the liver vasculature, we generated chimeric mice, in which wild-type mice expressed Cd39-null bone marrow, or vice versa. HSC levels in the blood were significantly increased 72 hours after a 70% hepatectomy in wild-type (P = 0.016) and Cd39-null mice (P = 0.002) chimeric with wild-type bone marrow when compared with sham-operated chimera (Fig. 1C ). HSCs were not significantly mobilized in the blood of mice grafted with Cd39-null bone marrow when compared with baseline values (Fig. 1C ). HSC mobilization rates after hepatectomy were significantly higher in Cd39-null mice when reconstituted with wild-type bone marrow (120% ± 31 HSC increase vs sham) than in Cd39-null mice grafted with Cd39-null bone marrow (36% ± 24 HSC increase vs sham; P = 0.007; data not shown).
CD39-Positive HSCs Show Increased Rates of Proliferation and Mobilization
We next examined the proportion of Cd39 high wild-type HSC subsets before and after partial hepatectomy. The percentage of Cd39 high HSCs significantly increased in the bone marrow from 56.9 ± 4.5% in sham-operated wild-type mice to 80.3 ± 2.8% (72 hours, P = 0.016) after a 70% hepatectomy (data not shown). The percentage of Cd39 high wild-type HSCs increased significantly in the blood (P = 0.025), 72 hours after 70% hepatectomy, when compared with shams ( Fig. 1D ). FIGURE 1. HSC proliferation and mobilization after partial hepatectomy in mice. A, HSC levels in the bone marrow of shamoperated wild-type and Cd39-null mice and 48 hours after 70% hepatectomy (% HSCs of bone marrow mononuclear cells; sham operation, n = 5; 70% hepatectomy, n = 8). B, HSC levels in the blood of sham-operated wild-type and Cd39null mice and 72 hours after 70% hepatectomy (% HSCs of peripheral blood mononuclear cells; sham operation, n = 5; hepatectomy, n = 5-9). C, HSC levels in the blood of shamoperated mice chimeric with wild-type or Cd39-null bone marrow, as described earlier (% HSCs of peripheral blood mononuclear cells; sham operation, n = 2-3; 70% hepatectomy, n = 6-10). D, Cd39 expression by HSCs in the blood of shamoperated wild-type mice and 72 hours after 70% hepatectomy (% Cd39-positive HSCs of total wild-type HSCs; n = 3). Error bars represent standard error of mean. * P < 0.05, †P < 0.01, ‡P < 0.001.
HSCs Boost Liver Regeneration in a CD39-Dependent Manner
We next administered fluorescence-activated cell sortingpurified wild-type or Cd39-null HSCs into wild-type mice 24 hours after partial hepatectomy. Wild-type mice receiving wild-type HSCs had significantly increased hepatocyte proliferation rates when compared with control mice (P = 0.035) ( Fig. 2A) . In contrast, administration of HSCs from Cd39-null mice into wild-type mice inhibited hepatocyte proliferation rate (P = 0.0048) ( Fig. 2A ). In agreement, chimeric mice bearing wild-type bone marrow had higher hepatocyte proliferation than those with Cd39-null bone marrow after partial hepatectomy (Fig. 2B ).
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FIGURE 2.
Bone marrow-and HSC-dependent liver regeneration. A, Hepatocyte proliferation in regular wild-type mice receiving 3 × 10 5 wild-type or Cd39-null HSCs 24 hours after 70% hepatectomy (% Ki67-positive hepatocyte nuclei/high-power field relative to wildtype mice receiving phosphate-buffered saline as control; n = 6-8). B, Hepatocyte proliferation in bone marrow-irradiated mice chimeric with wild-type or Cd39-null bone marrow 72 hours after 70% hepatectomy (Ki67-positive hepatocyte nuclei/hpf; 70% hepatectomy, n = 5-10). C, Representative immunostaining for vascular P-selectin in livers of regular wildtype mice receiving 3 × 10 5 wild-type, Cd39null HSCs or phosphate-buffered saline as control 24 hours after 70% hepatectomy (sham operation, n = 3; 70% hepatectomy, n = 6-8). Scale bars: 100 μm. D, Representative immunostaining for vascular P-selectin in livers of bone marrow-irradiated mice chimeric with wild-type or Cd39-null bone marrow 72 hours after 70% hepatectomy (n = 6-10). Scale bars: 100 μm. E, interleukin-1β plasma concentration (pg/mL) in bone marrow-irradiated mice chimeric with wild-type or Cd39-null bone marrow at 72 hours (sham operation, n = 3; 70% hepatectomy, n = 6-8). F, interleukin-1β concentrations (pg/mL) in liver sinusoidal endothelial cells, cultured for 5 hours with/without preincubation with adenosine triphosphate (5 mM) for 20 minutes. Error bars represent standard error of mean. * P < 0.05, †P < 0.01, ‡P < 0.001.
Anti-Inflammatory Properties of CD39-Positive Bone Marrow-Derived Cells
Vascular inflammation, as detected by vascular expression of P-selectin, 33, 34 appeared lower in wild-type mice receiving wild-type HSCs (Fig. 2C) 3 days after partial hepatectomy, than in control mice. In contrast, features of high vascular activation were detected in wildtype mice receiving Cd39-null HSCs. In agreement, regenerating livers of mice chimeric with Cd39-null bone marrow 3 days after partial hepatectomy were characterized by higher vascular expression of P-selectin than mice bearing wild-type bone marrow 72 hours after partial hepatectomy (Fig. 2C ). Together, these data suggest that Cd39 expressed by bone marrow-derived cells, including HSCs, suppresses vascular inflammation at injury sites.
Wild-type and Cd39-null mice transplanted with Cd39-null bone marrow had increased plasma levels of interleukin-1β, an important proinflammatory cytokine in liver regeneration, 35 when compared with sham-operated mice (P < 0.05) ( Fig. 2E ). Furthermore, plasma levels of interleukin-1β in Cd39-null mice chimeric with wildtype bone marrow were significantly decreased when compared with Cd39-null mice chimeric with Cd39-null bone marrow (P = 0.014). These data suggest that bone marrow-associated Cd39 regulates systemic inflammatory responses after partial hepatectomy.
Cd39 high HSCs are functionally active and actively hydrolyze proinflammatory extracellular adenosine triphosphate. To test modulatory effects on liver sinusoidal endothelial cells during liver regener-ation, we examined the effect of exogenous adenosine triphosphate on interleukin-1β production in liver sinusoidal endothelial cells in vitro. Liver sinusoidal endothelial cells treated with adenosine triphosphate (5 mM) for 20 minutes in vitro significantly increased interleukin-1β production (P = 0.0009) ( Fig. 2F ).
Progenitor Properties of HSCs
To further investigate possible mechanisms by which HSCs modulate liver proliferation, we administered fluorescence-activated cell sorting-purified HSCs from DsRed transgenic wild-type mice into wild-type mice 24 hours after partial hepatectomy. We detected DsRed transgenic hepatocytes and liver endothelial cells by fluorescence microscopy and fluorescence-activated cell sorting analysis, indicating that HSCs may differentiate into or fuse with liver cells (n = 5).
However, the percentage of DsRed cells 10 days after partial hepatectomy was less than 0.01% of total liver endothelial cells and hepatocytes, respectively, suggesting a minor role in postsurgical liver regeneration (see Supplementary Digital Content 1, available at: http://links.lww.com/SLA/A293). sorting analysis (see Supplementary Digital Content 2a, available at: http://links.lww.com/SLA/A294). Vascular endothelial growth factor is a chemoattractant 36 induced and upregulated in vascular cells in response to extracellular adenosine. 37, 38 Vascular endothelial growth factor resistance in Cd39-null mice post-liver resection was noted with increased plasma levels when compared with wild-type mice (see Supplementary Digital Content 2b, available at: http://links.lww.com/SLA/A294). 4
Vascular Endothelial Growth Factor-Induced Chemotaxis of HSCs
Using a Boyden chamber chemotaxis Transwell assay, we examined the impact of Cd39 deletion on HSC migration toward vascular endothelial growth factor (50 ng/mL). Wild-type and Cd39-null HSCs (upper chamber) both migrated toward vascular endothelial growth factor (lower chamber); however, migration of Cd39-null cells was significantly lower than wild-type HSCs (P = 0.026) (see Supplementary Digital Content 2c, available at: http://links.lww.com/SLA/A294).
Phosphohydrolysis of Extracellular Adenosine Triphosphate by CD39 Modulates Vascular Endothelial Growth Factor-Triggered Migration of HSCs
Migration rates of wild-type HSCs toward vascular endothelial growth factor (50 ng/mL, lower chamber) were significantly improved after preincubation of these cells with adenosine triphosphate (100 μM, upper chamber, P < 0.024), whereas preincubation with adenosine triphosphate decreased migration rates of Cd39-null HSCs (Fig. 3A) . Preincubation with apyrase (5 U/mL, upper chamber), a soluble form of CD39, abolished adenosine triphosphate-induced inhibitory effects on Cd39-null HSCs (100 μM, upper chamber, P < 0.011) (Fig. 3A) . Nonphosphohydrolyzable ATPγ S (100 μM, upper chamber) did not increase migration rates of Cd39-null HSCs toward vascular endothelial growth factor (50 ng/mL, lower chamber) and significantly impaired migration rates of wild-type HSCs (P < 0.005) (Fig. 3B ). In parallel, adenosine triphosphate in the lower chamber, instead of vascular endothelial growth factor, had no primary chemoattractant capacity for HSCs (data not shown).
Adenosine Modulates Vascular Endothelial Growth Factor-Triggered Migration of HSCs
As expected, migration rates of wild-type HSCs toward vascular endothelial growth factor (50 ng/mL, lower chamber) were significantly improved after preincubation with adenosine (50 μM, upper chamber, P = 0.023) (Fig. 3C ). Adenosine (100 μM, upper chamber) significantly improved migration rates of Cd39-null HSCs (P = 0.022, data not shown). Preincubation with adenosine (50 μM, upper chamber) together with adenosine triphosphate (25 μM, upper chamber) significantly improved migration rates of wild-type HSCs (P = 0.0038) when compared with adenosine alone. However, this combination failed to increase the migration of Cd39null HSCs (see Supplementary Digital Content 2d, available at: http://links.lww.com/SLA/A294). As with adenosine triphosphate, adenosine in the lower chamber alone did not show chemoattractive effects on HSC migration (data not shown).
Adenosine Triphosphate Effects on Vascular Endothelial Growth Factor Triggered Migration of HSCs Are Mediated by A2A Receptors
To test whether the migration effects noted earlier are dependent on nucleoside binding to adenosine P1 receptors, we next preincubated wild-type HSCs with adenosine triphosphate in combination with selective P1 receptor inhibitors. Migration rates of wild-type FIGURE 3. Chemotaxis of murine HSC. A, Migration rates of wild-type and Cd39-null HSCs (3 × 10 5 bone marrow mononuclear cells) to vascular endothelial growth factor (50 ng/mL) 4 hours after preincubation with adenosine triphosphate (100 μM) or adenosine triphosphate (100 μM) + soluble CD39 (solCD39) (5 U/mL; n = 5-6). B, Migration rates of wild-type and Cd39-null HSC toward vascular endothelial growth factor (50 ng/mL) after preincubation with ATPγ S (100 μM; n = 6). C, Migration rates of wild-type and Cd39-null HSCs to vascular endothelial growth factor (50 ng/mL) after preincubation with adenosine (50 μM; n = 6). D, Migration rates of wild-type HSCs to vascular endothelial growth factor (50 ng/mL) after preincubation with adenosine triphosphate (50μM) and selective adenosine receptor inhibitors [XAC-A1; CSC-A2A; alloxazine-A2B; or MRS1220-A3: (each 1.0 μM)] (n = 5-6). Error bars represent standard error of mean. †P < 0.01, ‡P < 0.001. 100% equals a mean cell number of n = ∼1700.
HSCs toward vascular endothelial growth factor (50 ng/mL, lower chamber) were significantly impaired after preincubation with adenosine triphosphate (50 μM, upper chamber) and CSC, a selective A2A receptor inhibitor (1.0 μM, upper chamber, P = 0.022), when compared with incubation with adenosine triphosphate (50 μM, upper chamber) alone (Fig. 3D) . In parallel, coincubation with adenosine triphosphate (50 μM, upper chamber) and selective A1, A2B, or A3 receptor inhibitors (1.0 μM, upper chamber) did not impact adenosine triphosphate-stimulated HSC migration toward vascular endothelial growth factor (Fig. 3D) . These studies indicate that chemotaxis of HSCs toward vascular endothelial growth factor is mediated via stimulation of A2A receptor responses by adenosine triphosphatederived adenosine and that is tightly controlled by intrinsic CD39 expression on HSCs.
Clinical Studies
Human Bone Marrow-Derived HSCs Express Purinergic Enzymes and Receptors
Human HSCs, as defined by CD133 with coexpression of CD34 and CD45, express both purinergic ectoenzymes and purinergic receptors at the transcriptional level (Fig. 4A) . CD39 appeared to be dominant, whereas ENTPDase5, ectonucleotide pyrophosphatase/ phosphodiesterase 2, and CD73 mRNA levels were present as well but at lower levels (Fig. 4A) .
High mRNA levels were detected for P2 receptors P2X1, P2X4, P2Y1, and P2Y11. Among human P1 receptors, A2A was expressed at the highest level (Fig. 4A ). Interestingly, A2A was noted before to be involved in migration of murine HSCs.
Human HSCs Are Mobilized in the Blood After Liver Injury
Mobilization of human HSCs was noted 2 days after hepatectomy and reached highest levels at postoperative day 4, comparable with the time of recruitment in wild-type mice (day 3) (Fig. 4B ). Human HSC levels in the blood were persistently elevated up to 21 days after liver resection. The extent of mobilization of human HSCs correlated directly with plasma vascular endothelial growth factor levels 2 days after hepatectomy (R = 0.72, P < 0.001, data not shown).
Mobilization of Human HSCs Is Associated With the Extent of Resection and Liver Growth After Hepatic Resection
Mobilization of human HSCs was directly associated with the extent of liver resection. Significantly higher levels were evident after major liver resections (Fig. 4B) . These results were in keeping with functional liver studies, as determined by the plasma disappearance of indocyanine green (%/min) and 15-minute retention rates. The plasma disappearance rate of indocyanine green -%/min was significantly decreased and the indocyanine green 15-minute retention rate% was significantly elevated in patients with a liver resection volume of 30% to 65% when compared with patients with a liver resection volume of 10% to 20% and less than 10% (data not shown). Indocyanine green 15-minute retention rate% 21 days after hepatectomy was significantly correlated with levels of HSCs on postoperative day 1 (% of day 0; R = 0.653, P = 0.016), which indicates direct correlations between "liver functions" and the mobilization of HSCs from the bone marrow after liver resection (Fig. 4C ).
Blood levels of human HSCs on postoperative day 1 were significantly correlated with the individual restoration of liver volume in patients undergoing major liver resections, as further determined by computerized tomography-based volumetry 21 days after hepatectomy (Fig. 4D ).
CD39-Expressing HSCs Are Preferentially Mobilized After Surgical Liver Injury
Ratios of CD39 high -to CD39 low -expressing HSCs in the blood were significantly higher in patients after extended partial hepatectomy (≥30% of total liver volume) than preoperative ratios (P = 0.008) or ratios noted in healthy controls (P < 0.0054) ( Fig. 4E ). Ratios seen in patients after major abdominal, extrahepatic surgery did not significantly differ from preoperative ratios or ratios noted in healthy controls (Fig. 4E) .
Interestingly, granulocyte colony-stimulating factormobilized peripheral blood stem cells in apheresis from healthy stem cell donors (n = 6) were characterized by lower CD39 numbers (ratio = 0.085 ± 0.03) than from healthy controls (n = 14; ratio = 1.4 ± 0.27; P = 0.0003).
DISCUSSION
We have identified subsets of HSCs that highly express functional active CD39 and noted that these cells are preferentially mobilized after liver resection. This population of CD39 high HSCs scavenges extracellular adenosine triphosphate, which, in turn, promotes liver regeneration by inhibiting interleukin-1β-driven vascular inflammation. We note that extracellular adenosine signaling is critically involved in vascular endothelial growth factor-induced chemotaxis of HSCs. Clinical studies indicate that preferential mobilization of CD39 high HSCs occurs after liver resection in humans and suggest positive associations with the restoration of liver volume.
CD39 is expressed at high levels in murine HSCs. Coexpression of CD73 and CD133 is considered indicative of early and undifferentiated stem cell subsets. 12 CD39 is the rate-limiting ectonucleotidase of HSCs, which dictates nucleotide hydrolysis. Higher levels of adenosine productions are expected for HSC subsets that coexpress CD39 and CD73. Feed-forward inhibition of Cd73-mediated adenosine monophosphatase activity can occur with high levels of extracellular adenosine triphosphate. 29, 39 The production of extracellular adenosine by HSCs in combination with CD39 + CD73 + regulatory T cells that provide immune privileges in bone marrow stem cell niches 40 is also possible.
HSCs proliferate in the bone marrow and are mobilized into the blood after partial hepatectomy in mice. Mobilization of HSCs is significantly decreased in Cd39-null mice when compared with in wild-type mice (Fig. 1B) . Experiments in mice chimeric with either wild-type or Cd39-null bone marrow show that impaired mobilization of HSCs in Cd39-null mice is due to the deficiency of Cd39 bioactivity in bone marrow-derived cells (Fig. 1C ). Further studies in wild-type mice revealed that HSCs are mobilized after partial hepatectomy in proportion to the levels of Cd39 expression ( Fig. 1D) .
We further show that murine HSCs express vascular endothelial growth factor receptor 2 and migrate toward vascular endothelial growth factor in vitro. Chemotaxis to vascular endothelial growth factor is modulated by regulated phosphohydrolysis of extracellular nucleotides to adenosine, which is clearly defective in Cd39-null cells. This might explain, at least in part, vascular endothelial growth factor resistance in Cd39-null mice. 4 Studies with selective adenosine type P1 receptor inhibitors indicate that boosted vascular endothelial growth factor chemotaxis is dependent on HSC A2A receptor responses (Figs. 3D, 5 ). Adenosinergic effects have already been shown to have beneficial effects in liver injury models and are being studied in this and other settings. [41] [42] [43] We have previously noted that Cd39-null mice have impaired liver regeneration responses. 4 We show here that HSCs enhance liver regeneration in a CD39-dependent manner (Fig. 2B ). Further studies are needed to investigate the importance of CD39 expression by other bone marrow-derived cells in this setting.
Our data suggest HSCs to promote liver regeneration by impairing vascular inflammation in a CD39-dependent manner. HSCs scavenge extracellular adenosine triphosphate and might thereby FIGURE 5. Proposed mechanism of action. Chemotaxis of HSCs toward vascular endothelial growth factor is modulated by phosphohydrolysis of extracellular adenosine triphosphate by CD39 and stimulation of A2A receptor responses. CD39-positive HSCs are preferentially mobilized from the bone marrow to the liver. Decreases in adenosine triphosphate-driven paracrine interleukin-1β signaling between liver sinusoidal endothelial cells and regenerating hepatocytes promote, at least in part, the observed increased hepatocyte turnover.
decrease associated interleukin-1β production by liver sinusoidal endothelial cells. 44 This is of particular importance as interleukin-1β directly inhibits hepatocyte proliferation after partial hepatectomy. 31, 32 Such interleukin-1 receptor antagonists have already been shown to exhibit salutary effects in the setting of liver regeneration. 45, 46 Low numbers of transdifferentiated or fused HSCs noted in the liver after the administration of DsRed transgenic HSCs further indicate that the immunosuppressive and anti-inflammatory properties of HSCs 15-18 might be more important in boosting repair processes after partial hepatectomy rather than the facile replacement of liver cells alone.
HSCs are also mobilized after partial hepatectomy in humans and remain elevated for at least 21 days after surgery. They are mobilized to a greater extent in patients after major hepatectomy, with a significantly reduced global liver function. In both mice and humans, we demonstrate that a CD39 high HSC subset is preferentially mobilized from the bone marrow after major hepatic resection (Figs. 1D,  4E ). These observations are in agreement with previous studies, showing that CD39 facilitates chemotactic properties of leukocytes. 26, 47 However, our results in granulocyte colony-stimulating factor-treated stem cell donors and patients undergoing extrahepatic surgery indicate that mobilization of CD39 high HSCs may be strongly linked to liver regeneration.
We have previously shown beneficial effects to the intraportal administration of human autologous CD133 + HSCs in patients after portal venous embolization of right liver segments. [8] [9] [10] These approaches have been established to expand left lateral hepatic segments into an enlarged future liver remnant volume before extended resections. [8] [9] [10] Mechanisms by which extrahepatic stem cells and progenitors contribute to liver regeneration remain incompletely understood. [48] [49] [50] Our observations suggest that CD39 expression on HSCs is important in promoting liver regeneration. Moreover, these findings might represent an important step toward a pharmaceutical manipulation to enhance liver regeneration in different settings of liver failure by targeting purinergic signaling pathways in HSCs in the bone marrow or at sites of injury in the liver.
